gen that undergoes sequential processing steps within lysosomes. First, a 30-kDa mature active form is generated by proteolytic cleavage (24) . Further processing involves removal of the NH 2 -terminal propeptide, cleavage of six residues from the COOH-terminus, and internal excision of residues 127 and 128 to generate a twochain (a 27-kDa heavy chain and a 4-to 5-kDa light chain) form of the enzyme with interchain disulfide bonds. We have previously demonstrated that cat B contributes to bile salt-induced hepatocyte apoptosis by a caspase-8-dependent process (25) (26) (27) . Studies from other laboratories have also implicated cat B in apoptosis. Pharmacologic inhibition of cat B has been reported to block apoptosis induced by p53 and cytotoxic agents (28) . Redistribution of cat B from vesicles to the cytosol has also been demonstrated in neurons undergoing death after global ischemia (29, 30) . In a cell-free system, cat B causes chromatin condensation, a morphological feature of apoptosis (31) . Based on these previous observations, the goal of the present study was to examine the role of cat B in TNF-α-induced apoptosis.
Methods

Isolation and culture of mouse hepatocytes; culture of
McNtcp.24 cells. Cat B knockout (catB −/− ) mice were generated as reported previously (32) . Immunoblot analysis demonstrated absence of cat B in catB −/− mice as well as similar levels of cathepsins D, L and S in catB −/− vs. catB +/+ mouse hepatocytes. Littermate catB +/+ mice were used as controls. Animals were cared for using protocols approved by the Mayo Clinic Institutional Animal Care and Use Committee. Mouse hepatocytes were isolated and cultured as described by us in detail previously (27) . The rat hepatoma McNtcp.24 cell line was cultured as described previously (26) . When cells were treated with TNF-α (28 ng/ml), AcD (0.2 µg/ml) was included in the medium to block the NF-κB-mediated transcription of cytoprotective TNF-α-induced genes (33) .
Measurement of intracellular cat B activity. Single-cell intracellular cat B-like activity was measured using the fluorogenic protease substrate Z-Val-Leu-Lys-CMAC (VLK-CMAC) and digitized fluorescence microscopy as described previously (26) .
Cat B-green fluorescent protein transfection and confocal microscopy. The rat cat B-green fluorescent protein (cat B-GFP) expression vector described previously (25) and a vector encoding the viral protein CrmA were transfected into McNtcp.24 cells using lipofectamine. Confocal microscopy was performed with an inverted Zeiss Laser Scanning Confocal Microscope (Zeiss LSM 510; Carl Zeiss Inc., Thornwood, New Jersey, USA) as described previously (25) .
Quantitation of apoptosis. Apoptosis was quantitated by assessing the following: (a) nuclear changes indicative of apoptosis (i.e., chromatin condensation, nuclear fragmentation) using the DNA binding dye 4′,6-diamidino-2-phenylindole (DAPI) dihydrochloride; and (b) externalization of phosphatidylserine (PS) residues using FITC-labeled Annexin V. Glass coverslips containing adherent cells were washed with ice-cold PBS and placed in a custom-made chamber for viewing by an inverted fluorescence microscope. Cells were incubated in 200 µl of binding buffer (10 mM HEPES [pH 7.4], 150 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , and 1.8 mM CaCl 2 ) containing 2 µl FITC-labeled Annexin V and 5 µg DAPI for 15 minutes at room temperature in the dark. After incubation, cells were viewed by fluorescence microscopy (Nikon Eclipse TE200; Nikon Corp., Tokyo, Japan) using excitation and emission filters of 380 and 430 nm for DAPI, and 490 and 515 nm for FITC. At least 300 cells in six different high-power fields were counted for each treatment by an individual blinded to the experimental conditions. Adenoviral infection. The recombinant replication-deficient adenovirus Ad5IκB, containing an IκB in which serines 32 and 36 are mutated to alanine (a generous gift of D.A. Brenner, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina, USA), and Ad5∆E1, an empty adenovirus for control experiments, were grown and purified by banding twice in CsCl gradients as described previously (34) . Six hours after the hepatocyte isolation, the medium was changed to DMEM containing 2% FBS, and Ad5IκB or Ad5∆E1 viral stock solutions were added to the medium at a multiplicity of infection of 20. After rotating the culture dishes every 15 minutes for 2 hours, DMEM supplemented with 12% serum was added for 12-16 hours before cells were exposed to TNF-α.
Immunoblot analysis for caspase activation. Immunoblot analysis was performed using whole-cell lysates as described in detail by Martins et al. (35) . Membranes were probed with the following primary antibodies: rabbit anti-caspase-8 serum (a kind gift from A. Srinivasan, IDUN Pharmaceuticals, La Jolla, California, USA); rabbit antiserum raised against the peptide IETD, which corresponds to an epitope at the COOH terminus of the caspase-3 large subunit and is detectable only upon caspase activation (ref. 36 ; kindly provided by T. Chilcote, Elan Pharmaceuticals, South San Francisco, California, USA); rabbit antiserum raised against the peptide PEPD, which corresponds to an epitope at the COOH terminus of the caspase-9 large subunit and is detectable only upon caspase activation (36); rabbit anti-PARP antiserum (kindly provided by G. Poirier, Laval University, Ste. Foy, Quebec, Canada); mouse monoclonal anti-GRP78 (StressGen, Victoria, British Columbia, Canada); mouse monoclonal anti-lamin A/C antibody (kindly provided by F. McKeon, Harvard University, Cambridge, Massachusetts, USA); chicken anti-lamin B 1 antiserum (37); goat anti-actin polyclonal antibody (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA); or chicken anti-B23 antiserum (38) . Immunoblots were developed using ECL enhanced chemiluminescence reagents (Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom) after incubation with horseradish peroxidase-conjugated secondary antibodies.
Immunoblot analysis of cytosolic cat B, cytochrome c, and caspase-8. Cytosolic extracts were prepared by a selective digitonin permeabilization technique established and validated by Leist et al. (39) . The extracts were subjected to SDS-polyacrylamide gel electrophoresis as indicated in the various figure legends, transferred to nitrocellulose, and probed with goat polyclonal anti-cat B antiserum (Santa Cruz Biotechnology Inc.), mouse monoclonal anti-cytochrome c antibody (PharMingen, San Diego, California, USA), rabbit anti-human caspase-8 antiserum, mouse monoclonal anti-cytochrome c oxidase (subunit IV; Molecular Probes Inc., Eugene, Oregon, USA), or goat anti-β-actin, using the method outlined earlier here.
Preparation of subcellular fractions. Cytosolic extracts (S-100) were prepared from mouse hepatocytes using the approach described by Yang et al. (40) . Highly purified lysosomes free of mitochondria were isolated from mouse liver as described elsewhere (41, 42) . The lysosomal fraction was free of mitochondrial contamination as verified by electron microscopy and by immunoblot analysis for cytochrome c oxidase (data not shown). Mitochondria, free of lysosomal contamination, were purified from mouse liver as described by us in detail previously (43) .
Cell-free assays. To assay for caspase-8-mediated release of cat B from lysosomes, aliquots of isolated lysosomes (10 µg protein) were treated with 20 ng of active recombinant human caspase-8 or 10-25 ng of purified rabbit m-calpain, in the presence or in the absence of mouse hepatocyte S-100 (50 µg) and the caspase inhibitor Z-VAD-fmk (20 µM), in a final volume of 50 µl of buffer B (220 mM mannitol, 68 mM sucrose, 20 mM HEPES-KOH [pH 7.5], 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, and 0.1 mM PMSF). To avoid chelating calcium, EGTA and EDTA were omitted from experiments that used calpain. After incubation at 37°C for 1 hour, the reaction mixture was centrifuged at 15,000 g for 30 minutes at 4°C to pellet the lysosomes. A 30-µl portion of each supernatant was subjected to SDS-PAGE and probed with anti-cat B antibody as already described here.
To assay for mitochondrial release of cytochrome c, a slight modification of the technique described by Luo et al. (44) was used. Briefly, aliquots of isolated mitochondria (25 µg protein) were treated with increasing concentrations of purified cat B (5-50 ng) or purified m-calpain (10 ng), in the presence or in the absence of mouse hepatocyte S-100 (50 µg protein) in a final volume of 50 µl buffer B. After a 1-hour incubation at 37°C, the reaction mixture was sedimented at 12,000 g for 5 minutes at 4°C to pellet the mitochondria. A 30-µl aliquot of each supernatant was subjected to SDS-PAGE. After transfer to nitrocellulose, samples were probed with monoclonal anti-cytochrome c antibody. To exclude mitochondrial contamination in the supernatants, blots were reprobed with mouse monoclonal anti-cytochrome c oxidase. Immunoblots were quantitated by densitometry (Bio-Rad GS-700 Imaging Densitometer equipped with Molecular Analysis software; version 2.1; Bio-Rad Laboratories Inc., Hercules, California, USA) assuming linearity of the signal.
In vivo study. catB +/+ and catB -/-mice were injected via the tail vein with either the recombinant replicationdeficient adenovirus Ad5IκB encoding IκB superrepressor (0.35 × 10 9 pfu/mouse in 0.22 ml sterile saline), the control adenovirus Ad5∆E1 (0.35 × 10 9 pfu/mouse in 0.22 ml sterile saline), or sterile saline (0.22 ml). Twenty-four hours after the viral injection, mice were injected intravenously with recombinant mouse TNF-α diluted in pyrogen-free saline (0.5 µg/mouse). Two to four hours later, the mice were subjected to deep ether anesthesia. Blood samples from the intrahepatic vena cava and liver tissue were procured. The liver specimens were fixed and stained with H&E using standard histological techniques.
Statistical analysis. All data represent at least three independent experiments using cells from three separate isolations and are expressed as the mean ± SEM. Differences between groups were compared using an unpaired two-tail t test.
Reagents. Annexin V-FITC kit was from Trevigen Inc. (Gaithersburg, Maryland, USA). Peroxidase-conjugated goat anti-rabbit IgG, goat anti-mouse IgG, goat anti-chicken IgG, and swine anti-goat IgG were from Biosource International (Camarillo, California, USA). Active recombinant human caspases 8 and 2 were from PharMingen. Human recombinant TNF-α, AcD, purified cat B from bovine spleen, purified Ca 2+ -dependent protease (m-calpain) from rabbit muscle, DAPI, BSA, PMSF, aprotinin, pepstatin, leupeptin, a kit for serum alanine aminotransferase assay, and all other chemicals used were from Sigma Chemical Co. (St. Louis, Missouri, USA).
Results
Is cat B translocated to cytosol during treatment of mouse hepatocytes with TNF-α/AcD?
In initial experiments, cultured hepatocytes were treated with 28 ng/ml TNF-α plus 0.2 µg/ml AcD for 4 hours, then assayed for intracellular cat B activity in situ using the fluorogenic substrate VLK-CMAC and digitized video microscopy ( Figure 1a ). As expected, no significant cat B activity was detected in hepatocytes from catB -/-mice. In contrast, a 4.5-fold increase in intracellular hydrolysis of VLK-CMAC was observed in treated catB +/+ mouse hepatocytes compared to untreated cells. Because this substrate is impermeant to lysosomes, these data suggested that cytosolic cat B activity was increased after treatment of mouse hepatocytes with TNF-α/AcD.
To determine whether the increase in cytosolic cat B activity was due to release of cat B from lysosomes, we searched for cat B in cytosol by immunoblot analysis (Figure 1b) . Cat B active fragments p30 and p27 increased in the cytosol of catB +/+ cells after 8 hours of treatment (lane 3), providing further evidence that TNF-α induces cat B release from lysosomes into the cytosol.
To provide independent evidence for the proposed translocation of cat B from lysosomes to cytosol during TNF-α-induced apoptosis, confocal microscopy was used to visualize directly the cellular compartmentation of expressed cat B-GFP in transfected McNtcp.24 cells (Figure 1c) . In untreated cells, the distribution of the cat B-GFP fusion protein was punctate and only localized in the cytosol. After treatment with TNF-α/AcD, the fluorescence was diffusely distributed in the cytoplasm and was also clearly identified in the nuclear region. These data are consistent with translocation of cat B from a vesicular compartment into the cytoplasm during exposure to TNF-α/AcD.
Do proximal caspases promote release of cat B from lysosomes?
Because TNFR-1 appears to initiate apoptotic signaling by activating caspases (11, 15) , we sought to determine whether proximal caspases could directly promote release of cat B from lysosomes. We addressed this question by (a) transfecting McNtcp.24 cells using CrmA, a specific caspase-8 inhibitor, and assessing the distribution of cat B-GFP; and (b) using a cell-free system to determine whether caspase-8 will directly cause release of cat B from lysosomes. After transfection with CrmA, release of cat B-GFP from lysosomes was inhibited in TNF-α/AcD-treated McNtcp.24 cells ( Figure  1c ). In the cell-free system, isolated lysosomes were incubated with different concentrations of active recombinant caspase-8 in the presence or in the absence of cytosol. After the lysosomes were sedimented, supernatants were analyzed for cat B ( Similar results were also observed with another potential proximal caspase, recombinant caspase-2 (data not shown). As a protease control for these experiments, we chose m-calpain, a cytosolic cysteine protease that has been implicated in apoptosis (45) and has been Figure 1 Cat B contributes to TNF-α/AcD-induced hepatocyte apoptosis. Isolated hepatocytes from catB +/+ and catB -/-mice were incubated in the absence (control) or presence of TNF-α (28 ng/ml) and AcD (0.2 µg/ml) for up to 12 hours. (a) Intracellular cat B activity was measured fluorometrically in the cells after 4 hours of treatment using the fluorogenic substrate VLK-CMAC and digitized video microscopy, as described in Methods. (b) At the indicated time points, cytosolic extracts were prepared by selective permeabilization with digitonin as described in Methods and subjected to immunoblot analysis using an anti-cat B antiserum. Locations of 30-kDa (p30) and 27-kDa (p27) active fragments of cat B are indicated. Immunoblot analysis of β-actin was performed as a control for protein loading. Cont., control. (c) Cultured McNtcp.24 cells grown on collagen-coated glass coverslips were transfected with the plasmid construct encoding the cat B-GFP fusion protein (control, TNF-α) or double-transfected with the cat B-GFP plasmid and the plasmid encoding the viral protein CrmA (CrmA + TNF-α). Forty-eight hours later, cells were incubated in the absence (control) or presence of TNF-α/AcD at 37°C for 2 hours and transferred to the stage of an inverted confocal microscope. Cat B-GFP fluorescence was imaged as described in Methods.
Figure 2
Caspase-8 induces release of cat B from lysosomes. Isolated lysosomes from catB +/+ mouse liver (10 µg protein) were incubated at 37°C with either active recombinant human caspase-8 (20 ng) (a) or rabbit mcalpain (10-25 ng) (b), in the absence or presence of S-100 cytosol fraction (50 µg protein) and the caspase inhibitor Z-VAD-fmk (20 µM). Lysosomes were also treated with 0.1% Triton-X 100 to induce maximal release of cat B (positive control). After 1 hour, lysosomes were pelleted by centrifugation at 15,000 g for 30 minutes. Supernatants were subjected SDS-PAGE on gels containing 10% acrylamide, transferred to nitrocellulose, and probed with anti-cat B antiserum.
shown to be activated by TNF-α (46) . Although addition of calpain to the cell-free system induced release of cat B from lysosomes ( Figure 2b , lanes 2 and 4), this release was blocked in the presence of cytosol ( Figure  2b, lanes 3 and 5) . Thus, the results with calpain were the reverse of those with caspase-8, wherein cytosol potentiated the release of cytochrome c. Likely, the presence of calpastatin in the cytosol inhibits the activity of calpain preventing its proteolytic effects on lysosomes in the cell-free system. Coupled with the CrmA results (Figure 1c ), these observations suggest caspase specificity for the observed effects and implicate a proximal caspase or a cytosolic caspase substrate in the TNF-α/AcD-induced release of cat B from lysosomes.
Is TNF-α/AcD-induced apoptosis reduced in catB −/− mouse hepatocytes? To determine whether this cytosolic translocation of cat B plays a role in TNF-α-induced hepatocyte apoptosis, we compared the ability of catB +/+ and catB -/-hepatocytes to undergo apoptosis in response to TNF-α + AcD. To quantitate apoptosis, we monitored the nuclear changes by DAPI and the cellular externalization of phosphatidylserine by FITC-annexin V labeling. Both techniques yielded similar results (Figure 3a) . Actinomycin D alone did not significantly increase the amount of apoptosis observed in untreated hepatocytes (Figure 3b ). In contrast, TNF-α/AcD markedly enhanced catB +/+ hepatocyte apoptosis (Figure 3, a and  b ). An increased number of apoptotic cells were first detected between 4 and 8 hours after addition of TNF-α and AcD to catB +/+ hepatocytes and progressively increased with time until they comprised 59 ± 6% of the total cell population at 24 hours (Figure 3, a and b) . TNF-α/AcD-induced apoptosis was reduced by almost half in catB −/− cells (35 ± 3% vs. 59 ± 6% after 24 hours of treatment; P < 0.05; Figure 3b) . A similar decrease was observed when catB +/+ hepatocytes were treated with TNF-α/AcD in the presence of the highly selective cat B inhibitor, CA-074 (Figure 3b) . To exclude the possibility that these results are due to a specific effect of actinomycin D in sensitizing cells to TNF-α (47), we performed similar experiments using expression of an IκB superrepressor to block NF-κB survival signals. Cells were infected with an adenovirus that expressed the superrepressor of IκB (Ad5IκB) or an empty control virus (Ad5∆E1). Compared with controls, TNF-α-induced apoptosis was completely blocked in catB −/− cells ( Figure  3c ). These results suggest that TNF-α-induced apoptosis is dependent, in part, upon cat B activity.
Does cat B deletion alter TNF-α/AcD-induced caspase activation in mouse hepatocytes? Current concepts implicate caspases as an integral part of the cell death machinery in death receptor-mediated apoptosis. The reduced rates of apoptosis in catB −/− hepatocytes suggested that caspase activation might be quantitatively or qualitatively altered by deletion of cat B. To address this possibility, we initially assessed the cleavage of several well-characterized substrates of downstream effector caspases, including PARP; lamins A, B 1 , and C; and the nucleolar protein B23, by immunoblot analysis. As shown in Figure 4 , all of these substrates were completely cleaved in catB +/+ mouse hepatocytes after a 24-hour treatment with TNF-α/AcD (Figure 4, lane 2) . In contrast, cleavage of these substrates was markedly diminished in hepatocytes from catB −/− mice ( Figure 4, lane 4) . These observations suggested that deletion of cat B causes a defect in TNF-α/AcD-induced activation of effector caspases.
Figure 3
catB -/-mouse hepatocytes are more resistant to TNF-α-induced apoptosis. Isolated hepatocytes from catB +/+ and catB -/-mice were incubated in the absence (control) or presence of TNF-α and AcD. (a) Apoptosis was quantitated in catB +/+ and catB -/-hepatocytes at different times of incubation after staining with both FITC-annexin V (dotted lines) and DAPI (solid lines). Cells were considered apoptotic if either externalization of phosphatidylserine residues on the plasma membrane or chromatin condensation and nuclear fragmentation occurred. At least 300 cells in six high-power fields were counted by an individual blinded to the experimental conditions. (b) Apoptosis was quantitated in catB +/+ and catB -/-hepatocytes by DAPI staining after 24 hours of incubation in medium lacking (control) or containing either TNF-α and AcD (TNF-α) or AcD alone (AcD). catB +/+ hepatocytes were also treated with TNF-α and AcD after a 30-minute preincubation with CA-074, a pharmacological inhibitor of cat B. Results are representative of at least three independent experiments using cells from three separate isolations and are expressed as mean ± SEM. Data were compared using a one-tail t test. A P < 0.05, catB -/-vs. catB +/+ ; B P < 0.05, catB +/+ + CA-074 vs. catB +/+ . (c) Isolated mouse hepatocytes from catB +/+ (filled bars) and catB -/-(open bars) mice were infected with an adenovirus expressing the IκB-superrepressor (Ad5IκB) or with an empty adenovirus (Ad5∆E1) as a negative control, and treated with TNF-α (28 ng/ml) for 12 hours. Apoptosis was quantitated after staining with DAPI. Results are representative of three independent experiments performed in triplicate from separate isolations and are expressed as mean ± SEM.
In some cell types, caspase-8-initiated apoptosis occurs by a process associated with mitochondrial release of cytochrome c and subsequent activation of caspase-9 (48). To determine whether TNF-α-induced apoptosis involves this pathway in mouse hepatocytes and assess whether cat B was upstream or downstream of mitochondria, the presence of cytosolic cytochrome c and activated caspase-9 was evaluated by immunoblotting. Increased cytochrome c was detectable in the cytosol of catB +/+ mouse hepatocytes beginning 6 hours after addition of TNF-α/AcD (Figure 5a, lane 2) . In contrast, no cytochrome c was detectable in the cytosol of catB −/− cells after TNF-α/AcD treatment for up to 24 hours (Figure 5a, lanes 1-4) . Consistent with these data, proteolytically activated caspase-9 (36) was readily detectable in treated catB +/+ hepatocytes but not catB −/− cells (Figure 5b, lanes 2 and 4) . Likewise, activated caspase-3 was observed in catB +/+ mouse hepatocytes but not catB −/− cells (Figure 5b, lanes 2 and 4) .
Taken together, the results in Figure 5 indicate that TNF-α/AcD-induced hepatocyte apoptosis involves mitochondrial release of cytochrome c and activation of caspase-9. These events are reminiscent of type II cells as defined by Scaffidi et al. (49, 50) . In such cells, the initial activation of caspase-8 is limited and generally below the level of detection. Release of cytochrome c and activation of caspase-9 amplifies the original signal, leading to activation of downstream caspases (49, 50) . Once these downstream caspases are activated, recent results indicate that they can in turn cleave more procaspase-8 (51). Thus, if TNF-α/AcD-treated hepatocytes were behaving like type II cells, we predicted that (a) the amount of activated caspase-8 would be limited until after caspase-9 was activated,and (b) catB -/-cells (which do not activate caspase-9) would not display detectable caspase-8 activation. Further experiments were performed to test these predictions.
Immunoblot analysis demonstrated that TNF-α/AcD treatment of catB +/+ hepatocytes resulted in a timedependent processing of procaspase-8 (Figure 5b ) into the catalytically active subunits of 18-20 kDa (p20) and 10 kDa (p10) ( Figure 6 ). As predicted, detectable processing of procaspase-8 was not evident until 6-8 hours after addition of the cytokine ( Figure 6, lanes 2 and 3) . Thus, the amount of active caspase-8 required for detection by immunoblot analysis appears to be generated
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Figure 4
Cleavage of PARP, lamins, and B23 after TNF-α/AcD treatment is diminished in catB -/-hepatocytes. Hepatocytes from catB +/+ and catB -/-mice were incubated for 24 hours with medium lacking or containing TNF-α + AcD. Whole-cell lysates were then prepared as described in Methods. Aliquots containing 50 µg protein were subjected to SDS-PAGE on gradient gels containing 5-15% acrylamide, transferred to nitrocellulose, and sequentially blotted for PARP, lamins A and C, lamin B 1 , or B23. Cleavage of the substrates was detected by the loss of the bands corresponding to the molecular weight of the native protein, and, in the case of B23, by the appearance of a new band (arrow). GRP78 served as a control for protein loading.
Figure 5
(a) TNF-α-induced release of cytochrome c into the cytosol is reduced in catB -/-mouse hepatocytes. At the indicated times after addition of medium lacking (control) or containing TNF-α + AcD, cytosol fractions were prepared by selective permeabilization with digitonin as described in Methods. Aliquots containing 20 µg of protein were subjected to SDS-PAGE on gels containing 15% acrylamide, transferred to nitrocellulose, and probed for cytochrome c. Samples from catB +/+ hepatocytes were also probed for cytochrome c oxidase, to exclude a possible mitochondrial contamination in the cytosol. (b) Caspase-9 and caspase-3 are processed in TNF-α/AcD-treated catB +/+ hepatocytes but not in catB -/-hepatocytes. Cells were incubated for 24 hours in medium lacking or containing TNF-α + AcD. After whole-cell lysates were prepared as described in Methods, aliquots containing 50 µg protein were subjected to SDS-PAGE, transferred to nitrocellulose membrane, and analyzed by immunoblot using antisera that recognize only active caspase-9 or active caspase-3 (36) . The same blot was probed with sera that recognize procaspase-8 and β-actin to confirm loading and transfer of samples from catB -/-mice.
after mitochondrial release of cytochrome c (Figure 5a , lane 2), not by direct activation at the TNFR-1-associated signaling complex. Consistent with this conclusion, catB -/-hepatocytes, which did not release cytochrome c, did not display detectable caspase-8 processing ( Figure 5b , lane 4; Figure 6 , lanes 6-9).
Does cat B induce release of cytochrome c from mitochondria?
The preceding results place cat B upstream of mitochondria in the TNF-α/AcD-induced apoptotic cascade in mouse hepatocytes. Although more complicated models are possible, the most direct model would have cat B or a substrate of cat B inducing cytochrome c release from mitochondria. To assess this possibility, purified cat B was incubated with isolated mitochondria in the presence and absence of cytosol. At the end of the incubation, the mitochondria were sedimented and the resulting supernatants analyzed for cytochrome c. In the absence of cytosol, active cat B directly induced a moderate release of cytochrome c from mitochondria (Figure 7a , compare lanes 1-3 with lane 7) corresponding to about 8% of the maximum release as obtained treating the mitochondria with the detergent Triton X-100 (Figure 7a,  lane 9) . However, cytochrome c-releasing activity of cat B was fivefold greater in the presence of cytosol (Figure 7a, lanes 4-6) . Addition of calpain to the cellfree system did not induce release of cytochrome c from mitochondria, demonstrating that the release is due to cat B activity and not a nonspecific proteolytic effect (Figure 7b ). To rule out the possibility that mitochondria from catB -/-might have developed an increased resistance toward cytochrome c release, we performed the same experiments using both mitochondria and cytosolic extracts obtained from catB -/-hepatocytes. As previously observed in catB +/+ , active cat B induced release of cytochrome c from the mitochondria in the presence of cytosol (Figure 7c, lane 3) , demonstrating that the absence of cytochrome c release in catB -/-is not due to secondary modifications in the mitochondria of these animals. These data imply the existence of a cytosolic cat B substrate that, after proteolytic activation, is capable of causing release of cytochrome c from mitochondria.
Are catB −/− mice resistant to TNF-α-induced liver damage in vivo? catB +/+ and catB −/− mice were injected with the adenovirus Ad5IκB to block the TNF-α-survival pathways signaling through NF-κB. Twenty-four hours later, TNF-α was administered intravenously. At 2 and 4 hours after TNF-α treatment, serum ALT concentrations were significantly higher in catB +/+ than in catB −/− animals (Figure 8a) . Livers from the catB +/+ mice displayed extensive hemorrhagic lesions and numerous clusters of apoptotic cells. In contrast, liver specimens from the catB −/− mice showed minimal damage (Figure 8b ). Further studies revealed that TNF-α treatment of the catB +/+ mice was fatal in greater than 80% of animals at 5 hours (n = 6), whereas catB −/− mice universally survived at least 72 hours after TNF-α treatment (n = 4).
Figure 6
Caspase-8 activation after TNF-α/AcD treatment is reduced in catB -/-cells. After cells were incubated in medium without (cont.) or with TNF-α + AcD for the indicated lengths of time, cytosolic fractions were prepared. Aliquots containing 40 µg protein were subjected to SDS-PAGE on gels containing 15% acrylamide, transferred to nitrocellulose, and immunoblotted for caspase-8. Processing of caspase-8 was detected by the appearance of the 18-to 20-kDa (p20) and 10-kDa (p10) active fragments. β-Actin served as a control for protein loading. Results are representative of three independent experiments.
Figure 7
Cat B-induced release of cytochrome c from mitochondria is enhanced by cytosol and is not due to a nonspecific proteolytic effect. Isolated mitochondria from catB +/+ mouse liver (25 µg protein) were incubated at 37°C with increasing concentrations of purified recombinant cat B (5-50 ng) (a) or m-calpain (10 ng) (b), in the presence or in the absence of S-100 cytosol fraction (50 µg) as described in Methods. Mitochondria were also treated with 0.1% Triton X-100 to induce maximum release of cytochrome c (positive control). After 1 hour, mitochondria were pelleted by centrifugation at 12,000 g for 5 min. Supernatants were subjected to SDS-PAGE on 15% acrylamide gels, transferred to nitrocellulose, and immunoblotted for cytochrome c. Blots were also probed for cytochrome c oxidase (subunit IV) to exclude mitochondria contamination in the supernatant. (c) Active cat B induces release of cytochrome c from isolated catB -/-mouse liver mitochondria in the presence of cytosol. Isolated mitochondria from catB -/-mouse liver (25 µg protein) were incubated at 37°C with purified recombinant cat B (25 ng), in the presence or in the absence of S-100 cytosol fraction (50 µg) obtained from the same animal. Mitochondria were also treated with 0.1% Triton X-100 to induce maximum release of cytochrome c (positive control). After 1 hour, mitochondria were pelleted by centrifugation at 12,000 g for 5 minutes, and the resulting supernatants were subjected to SDS-PAGE and subsequent immunoblot analysis for cytochrome c as already above. Immunoblot for cytochrome c oxidase (subunit IV) was also performed to exclude mitochondria contamination in the supernatant.
Discussion
Cat B is synthesized as a proenzyme and transported into lysosomes, where it is processed and activated either by lysosomal proteases or by autoactivation (52, 53) . This compartmentation of cat B within acidic vesicles prevents it from inducing cell injury. However, during treatment of hepatocytes with TNF-α/AcD, increased cat B was detected in cytosol ( Figure 1, a and b) . Consistent with these results, translocation of GFP-cat B from a vesicular compartment to cytosol was demonstrated during TNF-α/AcD-induced apoptosis (Figure 1c ). These observations suggest that cat B is released from lysosomes to the cytosol during TNF-α/AcD-induced apoptosis. Further experiments demonstrated that active caspase-2 or -8 was capable of causing cat B release from purified lysosomes (Figure 2a and data not shown) . These data provide a link between an event known to occur at the ligated TNFR-1 (proximal caspase activation) and cat B release.
The detailed mechanism by which cat B is released from lysosomes after caspase treatment is not currently understood. Atractyloside, which is commonly used to induce the mitochondrial permeability transition and release of cytochrome c from mitochondria, has been reported to induce release of cat B from isolated lysosomes (31) . This observation raises the possibility that similar mechanisms of pore opening might exist in mitochondria and lysosomes, promoting selective or semiselective release of constituents from both organelles during apoptosis. Alternatively, we cannot at present rule out the possibility that cat B release from lysosomes occurs by a totally different process.
To determine whether cat B might play a critical role in the TNF-α-triggered apoptotic cascade, hepatocytes from catB −/− and catB +/+ mice were compared. Apoptosis was diminished in the catB −/− cells (Figure 3 ), suggesting that the cytosolic release of cat B was more than just an epiphenomenon. Furthermore, catB −/− mice were resistant to liver injury and had improved survival after TNF-α treatment (Figure 8 ). These observations prompted us to search for a potential role of cat B in apoptotic cellular events.
Previous studies have suggested that cathepsins can activate certain caspases. Cathepsin G (a serine protease), for example, directly activates caspase-7 (54). Cat B has been reported to activate the proinflammatory caspase-11 and, to a lesser extent, caspase-1 (31, 55) . These same studies, however, demonstrated that cat B cannot process the effector caspases 3, 6, and 7 (31, 55) . Accordingly, we sought a different explanation for the decreased activation of effector caspases observed in catB −/− cells (Figures 4 and 5) .
Scaffidi et al. have identified two different apoptosis signaling pathways originating from the Fas death receptor complex and proposed a classification for cells into type I or type II (49) . In type I cells, Fas receptor ligation activates large amounts of caspase-8, which then directly activates caspase-3 in a mitochondria-independent pathway. In contrast, type II cells generate reduced amounts of active caspase-8 and rely on a mitochondria-dependent amplification step to achieve caspase-3 activation. Hepatocytes are type II cells (56) . Although a similar distinction between type I and type II cells has not been previously reported in the context of TNF-α-induced apoptosis, release of cytochrome c from mitochondria has been reported in a number of cell types after TNF-α treatment (57, 58) . Our data suggest that TNF-α-treated hepatocytes behave like type II cells. In particular, we observed release of cytochrome c from mitochondria and activation of caspase-9 in these cells. In addition, we observed that active caspase-8 was detectable by immunoblotting ( Figure 6 ) only after release of cytochrome c to the cytosol (Figure 5a ). These observations suggest that large amounts of cas-
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The pase-8 are processed at a step downstream of mitochondria in TNF-α-treated hepatocytes, as occurs in other type II cells (49, 50, 59) . Further experiments were performed to determine how cat B might be affecting this apoptotic cascade in TNF-α-treated hepatocytes. We observed that the appearance of cytochrome c in cytosol of TNF-α-treated wild-type mouse hepatocytes occurred with a time course similar to that of cat B release from lysosomes (Figures 1b and 5a) . Moreover, cytochrome c release, caspase-9 activation, and caspase-3 activation were marked diminished in catB −/− cells ( Figure 5 ). These observations place cat B upstream of mitochondria in this type II pathway and provide an alternative mechanism by which cat B can affect activation of effector caspases.
To test the hypothesis that cat B directly causes mitochondrial release of cytochrome c, we evaluated release of cytochrome c from purified mitochondria. Although purified cat B induced cytochrome c release in this cellfree system, the release was markedly enhanced in the presence of cytosol (Figure 7 ), suggesting that one or more cytosolic targets of cat B might be responsible. Similar observations have been reported for the cytochrome c-releasing activity of caspase-8 (59, 60) . Bid, a BH3 domain-containing Bcl-2 family member located in the cytosol, is cleaved by caspase-8 (44, 61, 62) . Upon cleavage, the COOH-terminal fragment translocates to mitochondria and triggers cytochrome c release. Although Bid would appear to be a potential candidate for cat B-mediated apoptosis, the current lack of suitable reagents to evaluate Bid cleavage in mouse cells precluded direct evaluation of this possibility.
Collectively, the data from the present study appear to define an apoptotic pathway that involves the ligated TNFR-1 complex as well as constituents of lysosomes, mitochondria, and cytosol. In particular, our results point to a model ( Figure 9 ) that involves the following steps: binding of TNF-α with its receptor, activation of a proximal caspase at a TNFR-1-associated death-inducing signaling complex (DISC), caspase induced release of cat B from lysosomes, cat B-induced cleavage of a currently unknown cytosolic substrate, induction of cytochrome c release from mitochondria by cat B and the cleaved cytosolic substrate, activation of caspase-9, and activation of effector caspases. The steps leading to proximal caspase activation are well documented in previous studies (1, 63) ; the present study provides evidence for all the postulated steps downstream of proximal caspase activation at the DISC. Although other death receptors such as Fas are associated with caspase-8 activation, hepatocyte apoptosis was not reduced in catB −/− cells treated with the agonistic Jo2 antisera (data not shown). This observation suggests that there are differences in apoptotic signaling pathways between death receptors even in the same cell type.
Cathepsin D, a lysosomal aspartyl protease, has also been implicated in apoptosis by cytokines and oxidative stress (64, 65) . These previous studies and our current data support the concept of a lysosomal pathway in apoptosis. Whether lysosomal proteases are released specifically in different cell types by specific apoptotic triggers or there is a generalized release of lysosomal proteases into the cytosol will require further study. However, cathepsin D and B have markedly different substrate specificities, and their effects in proteolytic cascades would be predicted to be different.
Although it is tempting to speculate that this acidic vesicle pathway might be important in amplifying TNF-α-initiated death signals in type II cells such as hepatocytes, further studies are required to evaluate its true physiological importance. Like TNFR-1 knockout mice (66) , catB −/− mice develop normally and have no overtly manifest phenotype. Moreover, catB −/− hepatocytes were not totally resistant to TNF-α-induced apoptosis, raising the possibility that an additional apoptotic pathway is also activated in hepatocytes by this cytokine. This additional pathway does not appear to involve caspase-3 ( Figure 5b , lane 4), but may instead be mediated by the recently described FADD-dependent, caspase-8-independent mechanism of cell death (67, 68) . Nonetheless,
Figure 9
Model of TNF-α signaling pathway through acidic compartment. Triggering of TNFR-1 leads to activation of a small amount of caspase-8, sufficient to induce the release of cat B from the lysosomes. Active cat B in turn promotes the release of cytochrome c from mitochondria by cleaving one or more still unidentified cytosolic substrates. Release of cytochrome c results in cleavage of caspase-9 and caspase-3 followed by further apoptotic changes. Strong activation of caspase-8 occurs downstream of mitochondria, possibly by effector caspases. An amplification loop might generate more active caspase-8, inducing further release of cat B from lysosomes.
the present demonstration that TNF-α-induced liver injury and death are diminished in catB −/− mice suggests the potential importance of the cat B-mediated pathway. Further studies using various models of liver injury should not only provide a more complete picture of the role of cat B in this process, but also evaluate cat B as a potential therapeutic target for reducing inflammationinduced hepatocellular damage.
